Continued progress in addressing challenges associated with detection and management of tuberculosis requires new diagnostic tools. These tools must be able to provide rapid and accurate information for detecting resistance to guide selection of the treatment regimen for each patient. To achieve this goal, globally representative genotypic, phenotypic, and clinical data are needed in a standardized and curated data platform. A global partnership of academic institutions, public health agencies, and nongovernmental organizations has been established to develop a tuberculosis relational sequencing data platform (ReSeqTB) that seeks to increase understanding of the genetic basis of resistance by correlating molecular data with results from drug susceptibility testing and, optimally, associated patient outcomes. These data will inform development of new diagnostics, facilitate clinical decision making, and improve surveillance for drug resistance. ReSeqTB offers an opportunity for collaboration to achieve improved patient outcomes and to advance efforts to prevent and control this devastating disease.
Tuberculosis remains a global threat to public health, with an estimated 9 million new cases and 1.5 million deaths in 2013 [1] . Of these, 480 000 cases, and 210 000 deaths, were estimated to be due to multidrug resistant (MDR) tuberculosis, defined as tuberculosis caused by Mycobacterium tuberculosis (Mtb) that is resistant to at least rifampin and isoniazid, 2 of the most effective first-line drugs. MDR tuberculosis is complicated to treat, requiring lengthy durations of therapy with second-line drugs that are more expensive, less effective, and more toxic than first-line antituberculosis drugs [2] . Alarming reports of extensively drug-resistant tuberculosis-that is, MDR tuberculosis isolates with additional resistance to at least 1 fluoroquinolone and 1 second-line injectable-have revealed deficiencies in testing capabilities and health systems [3] [4] [5] . Efforts to control the spread of tuberculosis are hindered by insufficient diagnostic capacity, gaps in infection control procedures, and the emergence of drug resistance [6, 7] . Although global progress has been made in the rapid bacteriologic detection of MDR tuberculosis as a result of broad implementation of World Health Organization (WHO)-endorsed technologies such as the Xpert MTB/RIF [8] and line-probe assays [9] , continued advancement will require new diagnostic tools. These tools must be capable of rapidly providing accurate and actionable information about drug resistance, including new regimens, in the context of the health systems that must have the capacity to provide effective treatment. The data necessary to support development of these tools should be available in a globally representative standardized database; however, to date, this type of data platform has not been developed for Mtb and is a critical need [10] .
Currently, phenotypic drug susceptibility testing (DST) is utilized to detect or confirm drug resistance or the emergence of resistance, to guide the choice of therapy that will provide the best chance of cure, and to monitor the prevalence of primary and acquired drug resistance within a community [11] . DST has long been considered the gold standard. However, DST is not feasible when cultures are contaminated, and its turnaround times are long because of the slow growth rate of Mtb and the delays that are added by shipping to a laboratory with the capacity for DST. Additionally, the reproducibility of DST results for some drugs is poor because of inherent difficulties with the methods. For the majority of tuberculosis cases, DST is not available because it requires complex biosafety infrastructure and highly skilled laboratory technicians. Globally in 2013, only 8.5% of new reported tuberculosis cases and 17% of retreatment cases had DST results [1] . For some cases, DST was only performed after repeated treatment failure. In the Global End TB strategy endorsed by WHO, focus is placed on universal DST for tuberculosis patients, because detection and treatment of drug-susceptible and -resistant tuberculosis are essential for preventing ongoing transmission and strengthening programmatic efforts [12, 13] . Optimally, all tuberculosis patients would be served by healthcare systems with primary access to rapid molecular tests for the detection of mutations associated with resistance to both first-and second-line drugs. Such access to rapid results would provide the basis for individualized treatment regimens that would start during the first encounter, thus avoiding delays and loss to follow-up and offering the best chance for cure. The realization of these improvements that are based on technological advancements can only be fully realized if the treatment cascade is also strengthened. Rapid tests are needed not only to improve care for tuberculosis patients, but also to facilitate rational use of new drug regimens and a more accurate understanding of the burden of drug-resistant tuberculosis at the global and national levels.
NEED FOR A TUBERCULOSIS RELATIONAL SEQUENCING DATA PLATFORM
As molecular technologies improve and become increasingly affordable and accessible to the global community, the understanding of the correlation of genotypic markers with phenotypic drug resistance, and ultimately patient outcomes, must keep pace. The majority of drug resistance in Mtb results from chromosomal mutations in genetic loci associated with the drug target, enzymes modifying the target or drug, or proteins needed for conversion of prodrugs to their active form [14] . Although numerous studies have contributed to the current understanding of the genetic basis of resistance in Mtb, most of these studies have examined a limited number of specific loci, and gaps in our knowledge remain, especially for correlating genotypic with phenotypic data [15] [16] [17] . We urgently need to advance our understanding of the genetic basis for antimicrobial resistance in Mtb. This pathway leads to the development of rapid molecular tests that can facilitate clinical decisions and guide the selection of treatment regimens.
One powerful and rapidly evolving molecular technology is next-generation sequencing, which provides a breakthrough in whole-genome sequencing (WGS) of Mtb [18, 19] . Increasingly, researchers are reporting results from WGS analysis of diverse sets of drug-resistant and -susceptible isolates of Mtb in correlation with phenotypic results [20] [21] [22] . These studies are valuable for improving our as-yet incomplete understanding of drug resistance, which includes questions surrounding cross-resistance, heteroresistance, additive effects of compensatory mechanisms of resistance, and discrepant analysis. However, the massive quantities of data produced by Mtb researchers using next-generation sequencing currently are stored in disparate data sets, thereby limiting the potential for integrating these data into precise predictors of resistance that could be incorporated into new diagnostic tools. Now is the time to meet this need through the development of a globally representative data-sharing platform for Mtb. This platform would not seek to replace but rather to build on the efforts of other available databases including the Tuberculosis Drug Resistance Mutation Database [17] , the Pathosystems Resource Integration System [23] , and the MUBII-TB-DB [24] to provide a comprehensive, standardized, and curated resource for clinically relevant genetic mutations and the associated metadata (eg, geographic location, methodology, DST result) with ongoing updates. Similar to the well-established HIV Drug Resistance Database [25, 26] , this platform would provide a centralized location for aggregation of data to better understand the correlation between genetic patterns, phenotypic DST results, and clinical outcomes. A data platform of this scope has not been developed for Mtb yet, which is a major barrier to understanding the relationship between Mtb genetic mutations and drug resistance. Overcoming this barrier aids in advancing new diagnostic methods rapidly and efficiently.
Recognizing this need, international partners including the Bill & Melinda Gates Foundation (BMGF), Critical Path Institute, the Foundation for Innovative New Diagnostics, the New Diagnostics Working Group, the US Centers for Disease Control and Prevention, the WHO, and the National Institute of Allergy and Infectious Diseases, under the auspices of the Critical Path to TB Drug Regimens (CPTR) Rapid DST (RDST) Consortium, have established a Platform Leadership Team for the development of a comprehensive new system, the Relational Sequencing Tuberculosis Data Platform (ReSeqTB). Funding for the development of ReSeqTB is provided by BMGF. The CPTR-RDST Consortium has focused on accelerating the development of 1 or more clinically useful in vitro rapid DST assays that can be approved by regulators and endorsed by the WHO. ReSeqTB supports this objective by providing a centralized and curated data platform with clinically relevant information. One of the primary uses of the data platform is to guide the development of new diagnostic tests for the rapid detection of drug-specific resistance, for drugs in current use and those in development, thereby facilitating clinical decisions such that patients receive the most effective therapy as quickly as possible. In addition, these data will aid in making the best use of our current molecular tests by providing clarity regarding interpretive criteria for resistance-associated mutations.
BUILDING THE ReSeqTB DATA PLATFORM
The development of an effective data-sharing platform will require data from multiple global contributors. Unlike the tuberculosis databases that have been compiled using data from peerreviewed literature, ReSeqTB will serve as a centralized repository for the continuous collation, active management, and evidencebased validation of retrospective and prospective data on Mtb drug resistance correlations in a user-friendly standard format. The intent is to collect a large volume of quality-assured data that are globally representative to reveal potential geographic variations in predominant mutations, naturally occurring polymorphisms that may be lineage specific, and novel mutations potentially associated with specific clinical or programmatic practices such as use of standard treatment regimens.
Submissions to the data platform will be sought from academic, governmental, and nonprofit sector researchers as well as clinical laboratories, sponsors of clinical trials, and countries performing drug resistance surveys. Early potential contributors with existing data sources will be identified from a systematic review of scientific literature and publicized work on drugresistant tuberculosis. Contributions to populate the data platform will include anonymized genotypic (ie, raw sequence files from WGS), correlated phenotypic DST results, and clinical outcomes. Associated minimal and expanded optional metadata will be linked to each submission. Established quality criteria will be monitored as data are received, with iterative feedback to submitters. In addition, data will be curated to provide high confidence in support of the predictive value of the genotypic data. Raw sequence files will be managed and analyzed using a validated pipeline for processing data to produce variant reports categorizing mutations detected after comparison to a reference sequence. Prior to entry of the processed data into an investigational database, variant reports, along with correlated phenotypic and clinical data, will be subjected to robust quality checking and validated using parameters determined by an external panel of subject matter experts. All data will be formatted utilizing Clinical Data Interchange Standards Consortium open data standards for Tuberculosis Therapeutic Area Supplement (version, 1.0, released 29 June 2012) [27] . These data standards are intended to organize the tabulated datasets for the consistent presentation that is necessary for applying for regulatory approval of in vitro diagnostic devices. Ultimately, the criteria for clinical validation of mutations will be established by an internationally recognized external panel, a periodic process for data review will be initiated, and the predictive value of mutations for specific drug resistance of Mtb will be ascertained, regularly updated, and published.
Successful implementation of ReSeqTB requires expertise in database architecture and systems design to ensure quality and security of information and assurance that the standards of law, policy, patient privacy, and intellectual property are considered and addressed. Sufficient capacity for data storage is of utmost concern. A phased approach for the data platform will ensure expandability as the number of whole-genome sequences of Mtb isolates is expected to increase constantly over the next 3-5 years. A security audit of the data sharing platform will be conducted to ensure compliance with regulatory standards and the use of information-security best practices. Additionally, a set of commonly used analytical tools, as recommended by external subject matter experts, will be accumulated over time. User feedback mechanisms will be incorporated into the data platform framework to allow users to provide recommendations about tools and other improvements for future enhancements.
Efficient governance of this complex effort is critical for success and, as described in Figure 1 , involves a collaborative partnership consisting of the aforementioned key stakeholders. Although a number of potential logistical obstacles to data sharing exist, including limitations to local data transfer and contributor time and costs in providing data submissions, the global aim of the initiative necessitates involvement of a diverse array of subject-matter experts providing worldwide representation.
ENCOURAGING DATA CONTRIBUTIONS AND USE
Meeting the goals for ReSeqTB requires a partnership driven by global collaboration. To establish these partnerships, the communication strategies must ensure that potential contributors who could provide data from research studies, clinical trials, clinical laboratory services, or country-level drug resistance surveys are knowledgeable of the policies for data use and access. A key milestone is early access to data from ReSeqTB for use by RDST Consortium members. Data authorized by the contributors to be shared outside of the RDST Consortium will be made available to a broader community of nonmember research participants and other stakeholders.
The ReSeqTB data platform is governed by a robust data policy that meets international ethical standards of research involving human subjects and is informed by guiding principles committed to inclusivity, stewardship, collaboration, respect, and common good aimed at ensuring that access is maximized for researchers and other stakeholders who can directly benefit from the data. This means that access is fair and respectful of data users and contributors through strong security and privacy protections, data quality and integrity, and early access for data contributors.
A tiered access approach will be adopted to incentivize data contributions, and still allow for broader access to the scientific community to support research and innovation. Datawill be accessible under specific data use agreements. Data contributors will always be able to access and own their data. Accessibility of the data is key and will be managed via a data sharing process whereby interested users will request access for a documented purpose that is scientifically relevant and consistent with the principles governing the data platform initiative. Upon review and approval of data access, applicants must accept the terms and conditions, including a requirement to reference the ReSeqTB initiative and a key limitation of patent exclusion. A fair and reasonable approach to data access is necessary to accumulate the large number of data contributions key for supporting and expanding this resource to ensure global representation, rapid diagnostic development, and improved understanding of the burden of national and global resistance.
A primary incentive for organizations and individual researchers to contribute data includes early access to the operational, fully populated ReSeqTB data platform for use as a research and development tool for diagnostics. In addition to the benefits of early access to data, researchers could also benefit from collaborative research opportunities and the potential for joint publications should those opportunities arise through the RDST Consortium. At the national level, ministries of health will benefit from having accurate data to make better-informed policy decisions for the diagnosis and treatment of tuberculosis, while eventually clinicians will be aided in the development of targeted and individualized treatment plans for patients. ReSeqTB represents a remarkable opportunity for the members of the global tuberculosis community to collaborate in making this initiative successful. 
DISCOVERING FUTURE OPPORTUNITIES AND ALLOWING FOR SUSTAINABILITY
This initiative provides an opportunity to advance scientific knowledge and benefit global health. Future opportunities include the recognition of new research areas that need additional investment, the development of increasingly sophisticated analytic tools as part of the database functionality for end users, and the development of a clinical interface utility. These enhancements could build motivation for data contribution or access and data usage. As described, implementation of the data platform will include capabilities for data analysis within the system consistent with the primary objective to inform diagnostic developers regarding which mutations are predictive of drug resistance. However, feedback will be assessed to project future needs for expanded analysis and bioinformatics support.
Assessment and clinical validation of the mutations derived from ReSeqTB will improve results interpretation for molecular diagnostics detecting drug resistance in Mtb irrespective of the platform. Improving results interpretation enhances a clinical use utility for ReSeqTB that could directly assist healthcare providers in understanding the output of molecular tests to recognize validated resistance mutations and mutations for which less information is known. In addition, output from the data platform could provide simple analyses that include the sensitivity and specificity of user-provided genetic mutations for the prediction of phenotypic drug resistance, including literature citations supporting the analysis. This resource could serve as a tool informing clinical decision making for effective individualized treatment regimens and be used independent of sequencing data by clinicians. To date, a globally representative standardized database of this type does not exist for Mtb and is needed. Without this functionality, laboratories and healthcare providers will have continued reliance on disparate locally derived databases that may have limitations regarding the number and types of drug resistance-associated mutations, thereby hampering data sharing in the scientific community because of the lack of standardization. Adding a clinical-use utility to the data sharing platform could aid the development of standard interpretive criteria and serve to drive global consensus in uptake of molecular diagnostics because universal rules for interpreting output are available. Additionally, this aspect of the data platform could support standards development for the capture of molecular data for global surveillance of drug resistance and reporting language for molecular diagnostics. Clinical utilization of ReSeqTB offers an opportunity to acknowledge these needs and facilitate engagement with partner organizations.
Of primary interest to key stakeholders and, ultimately, the global community is sustainability of a dynamic, well-curated, and actively managed database. Given the multiplicity of benefits, we anticipate that long-term sustainability of ReSeqTB will be secured through continued funding opportunities. The complexity of the database provides an opportunity for a myriad of potential end users and funder collaborations with the ultimate goal of improving patient outcomes and global health.
